Solid state lithium ion electrolytes are becoming increasingly important in batteries and related technologies. We have used first-principles modeling techniques based on density functional theory and the nudged elastic band method to examine possible Li ion diffusion mechanisms in idealized crystals of the electrolyte material Li 3 PO 4 . In modeling the Li ion vacancy diffusion, we find direct hopping between neighboring meta-stable vacancy configurations to have a minimal migration barrier of E m = 0.6 eV. In modeling the Li ion interstitial diffusion, we find an interstitialcy mechanism, involving the concerted motion of an interstitial Li ion and a neighboring Li ion of the host lattice, that can result in a migration barrier as low as E m = 0.2 eV. The minimal formation energy of a Li ion vacancy-interstitial pair is determined to be E f = 1.6 eV. Assuming the activation energy for intrinsic defects to be given by E A = E m + E f /2, the calculations find 
I. INTRODUCTION
Recently, there has been a lot of interest in solid electrolyte materials which are permeable to Li ions (Li + ) and impermeable to electrons for use in batteries and related technologies.
In particular, the LiPON electrolyte material based on Li 3 PO 4 was developed at Oak Ridge National Laboratory. [1] [2] [3] [4] Because of its chemical and physical stability, it can be reliably used in very thin films in a variety of applications. [5] In order to better understand the properties of these materials, we have used firstprinciples modeling techniques to examine possible Li ion diffusion mechanisms in idealized crystals of Li 3 PO 4 . We report on our study of several plausible diffusion processes, considering vacancy and interstitial ion motions. The outline of the paper is as follows. Section II describes the crystal structure examined in the present work and details the computational methods. Results are presented in Sec. III, with separate discussions of vacancy motion (III A), interstitial motion (III B), and formation energies for vacancy-interstitial defect pairs (III C). Conclusions are presented in Sec. IV, where the calculation results for the ideal crystals models are related to the experimental literature and electrolyte properties.
II. CALCULATIONAL METHODS
There are two well-characterized crystalline forms of Li 3 PO 4 which are labeled β and γ. [3, [6] [7] [8] An α form is mentioned in the literature, [9] but its crystal structure has not been completely determined. This study focuses on the γ form, which is thermodynamically less stable than the β form, [10] but which is sufficiently metastable to be observed and measured at room temperature by several experimental groups.
Crystalline γ-Li 3 PO 4 has the orthorhombic Pnma structure (62). [11] Figure 1 Table I lists the lattice parameters and the fractional coordinates of the inequivalent atoms for this structure.
The energy calculations performed in this study are based on density functional theory [12, 13] and are carried out using the Quantum ESPRESSO (PWscf) package [14] and the ultrasoft pseudopotential formalism of Vanderbilt. [15] The pseudopotentials for Li, P, and O are constructed using the USPP code [15] and tested for agreement with calculations using other methods and codes. [16, 17] The form of the exchange-correlation functional is taken to be the generalized gradient (GGA) form. [18, 19] Visualizations of the structures are obtained using XCrySDen [20] and OpenDX [21] software.
For the perfect crystal, the lattice constants calculated using variable cell optimization [22] are given in Table I and compared with experimental values. The calculated values are approximately 1% larger than experiment as is consistent with our experience using the GGA to study similar materials (while the local density approximation (LDA) generally underestimates the lattice constants). [17] The calculated internal coordinates of the inequivalent sites are found to agree with the experimental values of the fractional coordinates within
±0.004.
The results reported here are obtained using the supercell shown in Fig. 1 Experimental measurements have shown that the Li ion conductivity of polycrystalline [3] and single crystal [23] samples follows an Arrhenius temperature (T ) dependence of the form
where σ 0 is a constant prefactor which depends on details of the sample and E A is the activation energy. For extrinsic defects, E A is the same as the migration energy of the defects, E m . However, for intrinsic defects, using quasi-equilibrium statistical mechanics arguments, [24] [25] [26] it follows that
, where E f is the formation energy of the vacancy-interstitial pair. In this work, estimates for the migration energies E m for Li ion diffusion are calculated using the "nudged elastic band" [27] [28] [29] method (NEB) as implemented in the PWscf code. The basic assumptions of this approach [27] are that the diffusion is slow enough so that the processes are well described by Boltzmann statistics and so that the diffusion rate is controlled by processes which pass through harmonic regions We estimate that the accuracy of this interpolation allows us to estimate the migration energy between each pair of local minima within an error of ±0.05 eV. At each image, in addition to the energy, we can calculate a "configuration coordinate" which is a measure of the ion displacements at each image (I), scaled to the displacements of ions between the initial (i) and final (f ) meta-stable configurations:
Here R 
III. CALCULATION RESULTS

A. Diffusion via vacancy mechanisms
As shown in Fig. 1 , if a single Li ion is removed from the crystal, there are several neighboring Li ions which can hop into the vacancy site and contribute to a 3-dimensional diffusion. We have considered several possible diffusion paths along the 3 orthogonal lattice directions. Since there are two crystallographically inequivalent Li sites in this structure, there exist two metastable vacancy sites. We find that the total energies of vacancies at the 6 two inequivalent sites differ according to
using the crystallographic notation [11] for the d-type site of multiplicity 8 and the c-type site of multiplicity 4. Diffusion steps which involve these two different sites will therefore differ by ±0.22 eV depending on whether the hopping direction is c-type
We have identified 4 likely diffusion paths which are summarized in Table II, 
B. Diffusion via interstitial mechanisms
While Li 3 PO 4 has a reasonably closed packed structure, there exist other materials, such as the electrolyte Li 4 SiO 4 [32] and metallic Li in its bcc structure which have a higher density of Li ions; thus it is reasonable to expect the possibility of inserting interstitial Li ions into Li 3 PO 4 . In fact, viewing the crystal structure of γ-Li 3 PO 4 along the c or b axes, reveals two types of the void channels. It is convenient to enumerate the meta-stable interstitial sites based on two geometrically distinct void channels along the c-axis, which we label "I"
and "II". Figure 5 shows the equilibrium positions of the lowest energy configurations of an interstitial Li ion in each of those two channels, labeled I 0 and II 0 , respectively, while Table   III Table III . Figure 6 shows the relaxed structures of these same interstitial configurations viewed along the b-axis. In this view, it is apparent that configuration II 0 results in much more drastic lattice distortion particularly of nearest-neighbor c-type Li ions than does the I 0 configuration. In fact, as listed in Table III Each diffusion step of the interstitial Li ion involves two of the meta-stable configurations listed in Table III Diffusion along the b and c axes for an interstitial ion in any "I" type channel can thus be described as a series of zig-zag steps with this mechanism. This interstitialcy process is by far more efficient energetically than any of the other interstitial diffusion mechanisms we have considered including direct hopping between I 0 and neighboring I 0 or I 1 sites.
Diffusion along the a-axis involves processes in both the I and II type void channels.
One possible mechanism is summarized in Table IV and 
C. Formation energies for vacancy-interstitial pairs of defects
By definition, in a perfect crystal no vacancies or interstitial ions can exist, so that mobile species such as vacancies and interstitials must first be created before ion diffusion can occur. In real crystals, intrinsic defects (vacancy-interstitial pairs) are created thermally with a formation energy E f . Hence the resulting conductivity has an activation energy of
We have estimated the formation energy for a Li ion vacancy-interstitial pair using our supercells. So far, the lowest energy for the defect formation is found to be compare it to the measurements on aligned single crystals [23] in Table V lower migration barriers, the interstitial diffusion mechanism dominates the vacancy diffusion mechanism, provided that interstitial defects are present or can be created. Intrinsic defects control the diffusion process in single crystals [23] and polycrystalline samples, [3, 32, 35] where the activation energies are found to be E A = 1.1 − 1.3 eV. The formation energy of intrinsic defects (a vacancy-interstitial pair) is computed to be E f = 1.6 eV. The resulting activation energies of intrinsic defects are E A = 1.0 − 1.2 eV along the 3 crystallographic directions, in good agreement with the experiments. The diffusion along the b and c axes are found to be controlled by the same atomistic mechanism, consistent with the experimental results [23] which find E A to be the same for these two crystal orientations.
In crystals prepared with a measurable number of extrinsic vacancies, the measured activation energy is considerably reduced. For example, Wang and co-workers [3] The results reported here have identified the main basic processes involved with Li ion diffusion in Li 3 PO 4 materials. In future work, [36] we will investigate the effects of the crystalline structure by comparing results for the γ structure with those for the β structure, as well as comparing the effects of the form of the exchange-correlation functional. In addition, we will consider the effects of N doping and O vacancies. Cluster calculations reported in the literature [37] find N to have a significant effect on the migration barrier of Li ion vacancies. The actual barriers reported in that work are considerably larger than those reported here. In addition, we plan to consider interface effects which might also provide sources and sinks for defects. In electrolyte applications, the interface can have significant effects on the Li ion transport, compared with the bulk effects discussed here.
Acknowledgments
This work was supported by NSF grants NSF DMR-0405456 and DMR-0427055, and benefited from discussions with R. E. Noftle, G. E. Matthews, W. C. Kerr, Ping Tang, and Xiao Xu at Wake Forest University, Richard Hennig at Cornell University, and Dallas
Trinkle at the University of Illinois, as well as from helpful advice from Dr. Nancy J. Dudney of Oak Ridge National Laboratory. Computational results were obtained using the DEAC 13 cluster, and benefited from storage hardware awarded to Wake Forest University through an IBM SUR grant. 
14
a Equivalent perfect crystal distances inÅ measured before relaxation.
b Maximum energy barrier in eV between these two configurations. 
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